The design, manufacture and use of amplifiers to amplify or enlarge electrical signals is an important part of medical electronics. During surgery and anaesthesia, electronic techniques are frequently employed to display some physiological parameter of a patient, such as the electrocardiogram or blood pressure contour. Signals such as the electrocardiogram and electroencephalogram are already in an electrical form. Other parameters have to be transformed or transduced into corresponding electrical signals by means of a suitable transducer. The basic operating principle of such transducers lies in the conversion of a small change in the geometry of the transducer into an electrical voltage. Most transducers produce quite a small output voltage, of the order of a few millivolts or thousandths of a volt. A display device, such as a cathode ray tube, may well require a voltage difference between its deflection plates of 60 volts to deflect the electron beam through a distance on the fluorescent screen of 1 inch. It follows that an amplifier having a gain of some thousands will have to be connected between the transducer and the cathode ray tube. The devices used to realize the gain or amplification in an electronic amplifier may be thermionic valves or transistors. In some circumstances it is convenient to use a combination of both. The action of a valve is rather easier to understand, and for this reason valve amplifiers will be discussed first. Basic circuit techniques such as coupling, decoupling and feedback are common to both valve and transistor circuits.
The thermionic diode.
The simplest possible valve consists of a source of electrons, called the cathode, and a metal plate called the anode. The anode and cathode are mounted inside a glass or metal envelope from which the air has been pumped out to form a vacuum. The surface of the cathode is covered with a layer of some material such as barium oxide which is an efficient emitter of electrons when 194 raised to a red heat. The heating of the cathode is usually accomplished by means of a separate electrical heater. The normal heating current drawn by a small valve is 0.3 amperes at 6.3 volts r.m.s. The heating of the cathode violently agitates the atoms of the material and some of the heat energy goes to the orbital electrons. Since the cathode is placed in a vacuum, some of the electrons can escape from their orbits and they give rise to a cloud of negatively charged electrons surrounding the cathode. Professor J. A. Fleming, who in 1904 produced the first diode for use with radio signals, called it a thermionic valve, the word "thermionic" meaning "movement of particles by heat". If a battery is connected with its negative terminal to the cathode and its positive terminal to the anode, a current of electrons is drawn across from the cathode to the anode. If the polarity of the battery is reversed, no current can flow, since the electrons will be repelled by the now negative anode. Hence the name "valve" since it is essentially a one-way device. Diodes are frequently used in the conversion of alternating to direct currents. The circuit of a simple power supply unit is shown in figure 1 , and the circuit waveforms in figure 2. The action of the diode rectifier is to remove half of the cycles of the sinusoidal waveform from the transformer. Conduction only occurs on those cycles when the anode is positive with respect to the cathode. The reservoir condenser provides a source of current during the missing half-cycles. The output voltage is not completely steady throughout the whole of each cycle, and the remaining small ripple voltage is removed by the combination of the smoothing resistor and condenser. The reactance of the condenser is low in comparison with the resistance of the smoothing resistor. Since the final output voltage is taken from across the condenser, the resistance-reactance combination acts as a voltage divider for the ripple, ensuring that the amount of ripple tapped off to Waveforms of the half-wave power unit.
the output is small. A circuit that uses a single diode is known as a half-wave rectifier circuit. Greater efficiencies are obtained by using two diodes in a full-wave rectifier circuit. The mains transformer is provided with a centre tapping on the secondary winding, the ends of the winding being connected one to each diode anode. The negative output line is taken from the centre tap, and the positive line from the cathodes of the diodes which are joined together. With this arrangement, the diodes conduct on alternate halfcycles, so that there is always one diode conducting. Thus there are now twice as many peaks as with half-wave rectification, hence the name full-wave rectification. Full-wave rectifier circuits have a better regulation than half-wave circuits, that is to say that higher currents can be drawn without the output voltage falling off markedly. The ripple for a full-wave circuit is 100 cycles per second, as against 50 for a half-wave circuit. Fullwave rectification can also be obtained by the use of a transformer winding without a centre tapping, in combination with four diodes wired as a "bridge rectifier".
Triode valves.
The diode valve is not capable of amplifying signals, and to accomplish this a valve with three electrodes is required. Additional to the anode and cathode, there is a control grid, which consists of a helix of fine wire surrounding the cathode. Since the control grid is placed close to the cathode, it exerts a much greater controlling influence on the electron stream from the cathode than does the anode. As the control grid voltage is made progressively more negative with respect to the cathode, so the electron current will be reduced. Figure 3 shows a series of plots of anode current against control grid voltage for a series of anode voltages. For operation as a linear amplifier, a steady negative voltage would be applied to the grid to bias it to some point such as "X" on the characteristic. The application of an alternating input signal on top of this steady bias gives rise to a corresponding linear change in anode current. For a given anode voltage, the value of the grid voltage required to "cut-off" or stop the anode current is known as the "grid base" of the valve. The anode is connected to a source of constant positive voltage (the high tension supply) via a series resistance (the anode load resistance). The variations in anode current arising from the application of the input signal, by Ohm's law, give rise to a corresponding voltage variation at the anode end of the anode load. Since the voltage at the anode will go more positive as the control grid goes more negative, the output signal at the anode will be 180° out of phase with the input signal at the control grid. The operation of a valve can be expressed further in terms of three parameters. The amplification factor, denoted by the Greek letter "p." is defined as the ratio The increase in anode current arising from a reduction AV g of the grid voltage can be offset by the reducing of the anode voltage by an amount AV A . The amplification factor for a medium mu triode might be 20, whereas for a high mu triode it might be 100. The anode (or plate) resistance is defined as the ratio Change in anode voltage A~ Corresponding change in anode current.
The anode resistance of a triode might be of the order of 7,000 ohms.
The mutual conductance is defined as the ratio larger than R A . However, even when a high value of HT voltage is used, the voltage drop across the large anode load may shift the working point of the valve on to the curved portion of the characteristic. The curvature will give rise to distortion of the output signal. In practice, a stage gain having a value of some 50 to 70 per cent of the amplification factor is used.
Tetrode valves.
The anode resistance of a triode is relatively low. This means that there is a marked dependence of the anode current on the anode voltage. This effect will reduce the gain for large signal swings of the anode current. In the tetrode valve an additional grid, the screen grid, is introduced between the control grid and the anode. This results in the screening of the anode from the control grid. The screen grid is maintained at a positive voltage which is usually rather less than the anode voltage. The anode current is now almost independent of the value of the anode voltage, and hence the anode resistance of a tetrode is high. The screen grid also has the important action of reducing the inter-electrode capacity existing between the control grid and anode. This reduces unwanted coupling and allows the tetrode to be an efficient amplifier for radio-frequency signals.
In figure 5 , the screen of the pentode is effectively connected to earth, as far as signals are concerned by the 50-microfarad condenser.
Pentode valves.
Problems arise in the use of a tetrode during those portions of the signal cycle which cause the anode voltage to fall below the screen voltage. If secondary electrons are ejected from the anode, by the impact of the primary electron stream from the cathode, these in the case of the triode, would normally fall back to the anode. They will be collected by the screen grid of a tetrode when the voltage on the screen is higher than that on the anode. Since each primary electron may give rise to several secondaries, the collection of these by the screen means that more current now leaves the anode than reaches it from the cathode. Hence, over the range of anode voltages which are less than the steady screen voltage, the anode current will be smaller than it would normally be for these anode voltages. A dip or kink now appears in the anode current/anode voltage characteristic of the tetrode. This defect is overcome in the pentode by the insertion of a suppressor grid between the screen grid and anode. The suppressor grid, which is of a more open construction than the screen grid, is usually connected to the cathode. As a result, it gives rise to a weak negative electric field close to the anode. It does not prevent the passage of the primary electrons to the anode but it does repel the lowenergy secondary electrons back to the anode. When the pentode is to be used as a switch, it is also convenient to apply large negative voltage pulses to the suppressor in order to cut off the anode current. The anode resistance of a pentode is high, of the order of a megohm. Because of this, a pentode needs a much higher value of anode load resistance than does a triode, typical values being 100,000 to 300,000 ohms. A normal stage gain with a pentode would be 200. An excellent series of booklets describing the elementary operation of valves is that supplied free of charge by A E I Ltd.
Methods of coupling amplifier stages.
If more amplification is required than can be obtained from a single valve stage, then the problem has to be faced of coupling two or more stages together. The output voltage of a stage is normally taken from the anode of the valve, and this circuit point will usually be 100 volts or more positive with respect to earth. It is often convenient to keep the control grid voltage, and hence the cathode voltage of the next valve somewhere near earth potential in order to reduce the possibility of a breakdown in the cathode-heater insulation. Thus the anode of the first valve and the control grid of the second valve cannot be connected directly together without making due allowance for this voltage difference. If the amplifier is only required to pass signals having frequencies not less than about 1 cycle per second, then resistance-capacity coupling can be conveniently employed, as shown in figure 5 . The alternating signal at the anode is passed by the coupling condenser C, and is developed across the resistance R and applied to the control grid of the following valve. The reactance of the condenser must be low compared with R in order that most of the signal is developed across R. The higher signal frequencies are favoured by such an arrangement. Because of the capacity C, the coupling network will produce a phase shift between its input and output voltages. Generally, it is desirable that this phase shift be small in order to prevent any possibility of positive feedback occurring. For the shift to be less than 5°, the .time-constant of the RC network should be greater than twice the period of the lowest frequency to be transmitted. Condenser coupling will only handle signals which are changing fairly rapidly, and is encountered in e.e.g, e.c.g., e.m.g., and audio-amplifiers. It is also known as AC coupling.
Direct coupling.
In medical electronics, there is an important requirement to be able to amplify steady level signals, as in oxymetry, or slowly changing signals such as those corresponding to a respiratory pattern or a gas chromatogram. Here, a directcoupled amplifier must be used. Another important application arises in blood pressure measurement where the mean, systolic and diastolic levels must be displayed. The simplest method, in principle, of direct coupling is shown in figure 6 . The anode voltage of the first valve is 118 volts positive with respect to earth, and the control grid of the second valve is biased 2 volts negative with respect to earth. The voltage difference of 120 volts is taken up by a 120-volt battery. In practice, this method is not used, because the battery voltage changes with life and the battery may generate unwanted noise signals. A better method is shown in figure 7 , where the circuit is "hung" between a positive and a negative HT line. The values of the coupling resistances are chosen to set the grid voltage at the required value. The resistances form a voltagedividing network across the output of the first valve, but the loss of gain can usually be tolerated. The main problem with this simple type of direct-coupled amplifier lies in slow drifts of the baseline of the associated recorder. That is to say, of drifts in the output level of the amplifier, when there is zero input signal. These slow changes can arise from changes in the HT or valve heater voltages and ambient temperature changes. In order to obtain stable calibrations with this type of valve amplifier, ample time must be allowed for the equipment to "warm up" and attain thermal equilibrium with its surroundings. The drifts would not appear at the output of an AC amplifier because they are too slow to be passed by the interstage couplings. An elegant technique, is to convert the direct input voltage to an alternating voltage, and amplify this with an AC amplifier. The output voltage of the AC amplifier can then be converted back to DC by means of a sychronous rectifier. The conversion of the input signal to a corresponding alternating signal at an audio-frequency is often accomplished by means of a switch. The switch is driven from an oscillator, and may be either a mechanical switch or a transistor. It is known as a chopper or modulator. The input signal is applied to the switch contacts via a limiting resistance. The voltage developed across the switch contacts is amplified by an AC amplifier, as shown in figure 8 , where a transistor is used as a switch. As the switch contacts open and close, the amplifier receives a square wave input signal.
A typical drive frequency for the switch would be 400 c.p.s. The resistance between the switch contacts, when the switch is a silicon transistor, may be a few megohms. When a higher resistance is required, as in the measurement of very small currents, then a vibrating reed condenser, rather than a chopper, is used. Here, an oscillator causes one plate of a high insulation resistance condenser to vibrate steadily. If the DC input signal is applied across the condenser, the changing capacity gives rise to an AC signal.
Vibrating reed electrometer amplifiers are widely used in blood pH meters and in radioactivity measurements. Chopper amplifiers are used in self-balancing potentiometric recorders, thermocouple amplifiers, oxygen polarograph amplifiers and electronic integrators.
Feedback.
A fraction of the output signal of an amplifier can be fed back to the input of the amplifier in such a way that it is either in phase or out of phase with the input signal. If it is in phase, it will reinforce, or add to, the original input signal. Under these conditions the amplifier can supply its own input and will carry on generating signals, that is to say it will oscillate. If the feedback path is so designed that the output signal will only be in phase with the input at one particular frequency, then the oscillator will only generate a sine wave of that frequency. This is the operating principle of resistance-capacity oscillators. Here, the phase-shifting network is composed only of passive components such as resistances and condensers. In order to preserve a pure sinusoidal waveform, the amplitude of the oscillation is deliberately limited, and held constant by means of some device such as a thermistor. Such oscillators are used to generate test signals, and to energize AC bridge systems using transducers as in blood-pressure measurements. The case when the output fed back is in phase with the input is known as positive feedback.
It is, of course, quite possible to have a negative feedback. The phase of the signal fed back will then be opposite to that of the input signal. The effect is to reduce the effective input signal to the amplifier, and thus the apparent gain. It may seem undesirable to use a system which reduces the gain of the amplifier. However, it can be shown that if the gain of the amplifier without feedback is high, then with feedback the gain becomes almost independent of the characteristics of the amplifier, and dependent only on the characteristics of the feedback network. A network using purely passive components can be stable, and hence changes in the amplifier gain due to supply voltage and ambient temperature changes can be minimized. If capacitance is used in the feedback circuit, care must be taken to see that an additional 180° phase shift is not introduced, causing the feedback to become positive, if the feedback path consists of resistance only, the voltage fraction fed back will be independent of the signal frequency. The introduction of negative feedback flattens the response curve of the amplifier. This is the graph of amplifier gain against signal frequency. Without negative feedback, it would normally peak over a certain range of frequency. For the faithful reproduction of a complicated waveform, it is necessary that the amplification should be constant with respect to amplitude and phase, over a range which covers the fundamental frequency and the harmonics. The tenth harmonic is often taken as an upper limit. The use of negative feedback can be most beneficial even though more amplifier stages will be needed to make good the loss in gain. Because negative feedback will cause a given input signal to give rise to a smaller output signal than it would without the feedback, it follows that the feedback has raised the effective input impedence of the amplifier. This technique is used in some electrocardiographs to produce a high input impedance. In Figure 5 , the voltage negative feedback lines runs from the voltage-dividing resistance network across the secondary winding of the output transformer to the cathode of the first valve. The control grid is left free for use with the gain control.
Instead of voltage negative feedback, it is also possible to use current negative feedback. If the control grid of a valve is at earth potential, and the cathode made a few volts positive with respect to the grid, this is the same as considering the grid to be negative with respect to the cathode. Thus the grid can be conveniently biased by passing the cathode current through a suitable resistance. In figure 5 , the 680-ohm resistance in the cathode circuit of the pentode biases the valve. If the grid of the valve is driven more positive, the cathode current increases, and the increased voltage drop across the cathode resistance makes the cathode more positive. This reduces the effective input voltage between the grid and cathode, and so gives rise to negative feedback.
If only alternating signals are considered, the negative feedback can be eliminated by placing a large condenser (25-microfarads in figure 5 ) across the cathode bias condenser. The reactance of the condenser is low at the signal frequencies, and so for these the resistance is effectively shortcircuited. This method of biasing cannot be used with very low frequency amplifiers, such as e.e.g. amplifiers because of the large condensers required.
The cathode follower circuit.
An important use of negative feedback occurs in the cathode follower circuit. This consists of a valve, with its anode connected straight to the positive HT line, and the output taken from across a resistance R t in the cathode lead as shown in figure 9 . The cathode bias voltage is developed across another resistance R, which is bypassed by condenser C,. The gain of the stage is less than unity, of the order of 0.95. The value of the gain is very stable, and is not affected by quite large changes in the characteristics of the valve.
H T INPUT
The cathode follower has a small input capacitance, and a high input resistance, perhaps 10 megohms. It is often used as a simple, high input resistance, valve voltmeter. The output resistance is low, of the order of 100 ohms. Hence a cathode follower is often used to match an amplifier into a low resistance load, such as a pen recorder coil. Cathode followers are also used in electrophysiology to avoid amplifiers from affecting nerve preparations, and to isolate one stage of a circuit from another.
Balanced amplifiers.
The amplifiers so far described, will accept input signals which are "single-sided about earth". That is to say, the amplifier will work with a signal which varies with respect to earth (zerovoltage level). A balanced amplifier requires a signal which will drive one of its input terminals more positive with respect to earth, and the other less positive. The amplifier will only respond to the voltage difference between the input terminals. A schematic circuit for a balanced amplifier stage is shown in figure 10 . With zero input signal, the circuit is adjusted to be balanced, that is all the components on each side are identical, and the valves draw equal currents. When a differential input signal is applied, the current through one valve will increase by exactly the same amount as that by which the current through the other valve decreases. The sum of the valve currents remains constant. Thus no negative feedback occurs from the common cathode bias resistance for differential or anti-phase input signals. For input signals which are in phase, the total cathode current changes, and negative feedback occurs. By using a large value of cathode resistance, a high degree of negative feedback for in-phase signals is obtained. This technique is known as cathode degeneration. Low frequency anti-phase signals can now be handled, because there is no need to shunt the cathode resistance with a large condenser. The symmetry of balanced amplifiers reduces baseline drifts, since drifts in either half of the amplifier tend to cancel. In practice, the characteristics of the valves cannot be matched perfectly, and some amplifications of in-phase signals would occur. The great advantage now is, that whereas anti-phase signals are amplified, the use of the negative feedback ensures that inphase signals are in fact diminished. Balanced amplifiers are used to full advantage in electrocardiographs and electroencephalographs. The great problem in this type of measurement, particularly in the operating room is to eliminate the unwanted in-phase interference signals at mains frequency arising from the radiation of the alternating current mains power cables. Even with a coupling capacity of only 1 picofarad between a 220-volt AC mains cable and the patient it is possible to produce a trace several millimetres wide of interference on an electrocardiograph record. The use of balanced amplifier techniques can reduce this to negligible proportions.
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